Abstract. A novel format was introduced at the recent AAPS NBC Workshop on Method Development, Validation and Troubleshooting in San Diego on 18th May 2014. The workshop format was initiated by Binodh De Silva; Marie Rock and Sherri Dudal joined the initiative to develop and chair the workshop. Questions were solicited by a variety of avenues, including a Linked-In Discussion Group. Once collated and clarified, the topics covered assay development, validation, and analysis of PK, Immunogenicity, and Biomarkers with an additional topic on alternative bioanalytical technologies. A panel of experts (workshop report co-authors) was assigned to each topic to bring forward thought-provoking aspects of each topic. The format of the workshop was developed to target the needs of bioanalytical scientists with intermediate to advanced experience in the field ranging to enable robust discussion and to delve deeper into the current bioanalytical hot topics. While the new format allowed for an interactive session with the topical discussion driven by the audience members, it did not foster equal discussion time for all of the proposed topics, especially Biomarkers and alternative LBA technologies.
INTRODUCTION
To kick-off the workshop, a live interactive poll was taken of the audience to understand the make-up of the audience and to seek their opinions on selected workshop topics. The majority of the 60 participants worked either for a company or a CRO (84.6%) and about 70% had over 5 years' experience in LBAs. Interests were spread over the various proposed topics including method validation, draft FDA guidance, assay development, immunogenicity, biomarkers, and LC/MS for large molecules. Most performed method validation under GLP supported by a QA audit (72%). When asked if they felt comfortable with singlet sample analysis for LBA, 41% responded Bnot in any case^. Others required intra-and inter-QC precision of less than 5-10% or the meeting of multiple criteria in addition to QC precision to be comfortable with singlet analysis. For preclinical antibody assessments, 42% perform screening, confirmation, and titer assays, 14% only screening and confirmation assays, and 12% (with a 99 percentile) or 19% (with a 95 percentile) only screening assays. Although 48% choose their positive control antibody depending on whatever works, 32% use a polyclonal antibody. Multiplexing is used mainly for biomarkers (52%) and most use acceptance criteria that are similar, but looser than those used for PK assays (30-50%) for validating biomarker assays (76%). In terms of what improved technology should be focused on, LBA scientists' preferences were as follows: 31% automate LBA assays, 14% enhanced sensitivity, 31% enhanced specificity, 14% ability to measure drug in blood samples directly, and 10% for the measurement of drug in serum without disturbing the equilibrium. When asked if they used LCMS/MS for large molecule PK analysis, 51% never used the technology and only 15% used it routinely.
Guidance (1) . Brian reiterated that the aim of the guidance was not to be prescriptive; instead, scientific rationale should guide the assay development/validation. He identified that the main issues were the requirements pertaining to the following: The enormous number of comments that were received has now been collated and will be taken into consideration. Brian aimed to have the next version of the draft circulating within the department by August 2014. However, no date can be projected for publication.
Unresolved Issues from Crystal City V Lauren Stevenson summarized topics discussed at Crystal City V (CCV), first highlighting where consensus was achieved. Topics that had not achieved consensus were presented in greater detail and set the stage for additional discussion. Consensus and clarifications on the following topics had been achieved at CCV: selectivity and specificity assessments (matrix effects, cross-reactive substances and potentially interfering substances), number of runs for accuracy and precision, inclusion of dilutional linearity during validation, number of calibrators required for standard curves, placement of QCs within the assay range, sample analysis practices, and matrix stability assessments. Details were provided in the workshop slide decks and are described in the CCV Conference Report (2) .
Complete consensus on validation acceptance criteria for the ULOQ QC was not achieved at CCV. Prior recommendations from both regulatory agencies and industry have set criteria for ULOQ at 25% RE, 25%CV, and 40% total error in alignment with criteria for LLOQ (3) (4) (5) .
Setting ULOQ criteria to match those deemed acceptable for LLOQ enables utilization of the entire curve and removes the need to artificially curtail the curve at the upper end to meet tighter criteria (20%, RE, 20%CV, 30%TE) proposed in the FDA Draft Guidance. However, it was argued that samples above assay range can always be diluted into range and thereby allow results to be read from the most accurate (middle) portion of the curve. This option is not possible for samples with low levels of analyte whose concentrations must be read at the lower end of the curve (near the LLOQ).
Complete consensus had also not been achieved on the inclusion of additional QCs when study sample concentrations are clustered in a narrow range of the standard curve. Industry position indicated that QCs in LBAs are already generally relatively close to each other, and when sample results cluster around the mid-range of the assay, it is simply an indicator that sample dilutions were wellchosen. There was general agreement that most LBAs (typical assay ranges span about 2 logs in concentration) would not require additional QCs and some agreement that the bulk of sample results should be bracketed by two QCs, although there was no agreement on Bhow close^the bracketing QCs should be (for assays with larger dynamic ranges). For diluted samples, which comprise the bulk of samples analyzed by LBA, it was noted that adjustments in dilution factors can help ensure that sample results are derived from the entire curve range, but the scientific value of this approach was questioned since for accuracy purposes it is desirable to target the middle of the curve.
Partial validation was discussed at CCV in the Common Topics session with no additional discussion in the LBA session. Discussion did not include definition of specific criteria for the level of validation required to support changes to a previously validated assay as this was deemed to be beyond the scope of the workshop. The industry recommendation was that testing requirements to support transfers and/or changes should use good scientific judgment and be defined in SOPs or study validation plans. In the context of the NBC LBA workshop, it was highlighted that partial validations can range from as little as one accuracy and precision determination to a nearly full validation. Typical bioanalytical method changes that fall into this category include, but are not limited to the following: bioanalytical method transfers between laboratories or analysts, changes in instrument and/or software platforms, reagent lot changes, or changes in sample processing procedures (3, 4) . Brief discussion was also devoted to definitions of full validation, partial validation, and cross-validation. Full validation is necessary when developing and implementing a bioanalytical method for the first time for an analyte-of-interest. Partial validations are modifications of validated bioanalytical methods that do not necessarily require full revalidations as in the examples provided above. Cross-validation is a comparison of two bioanalytical methods and necessary when two or more bioanalytical methods are used to generate data within the same study or submission. It was noted that confusion in terms can arise since many labs and industry professionals refer to cross-validation in the context of validating the same bioanalytical method at multiple labs.
Questions that arose to the expert panel after CCV presentation are as follows:
& Is there risk in bringing the ULOQ down to meet the FDA Draft Guidance acceptance criteria when there are no anchor points and the sigmoidal curve shape may be lost? Consensus was that anchor points may be necessary when the ULOQ is moved farther down the curve and will depend upon the assay and the curve fit model, noting that sigmoidal curve fits will often require anchor points.
& Do you include dilution QCs in your sample analysis runs?
This topic arose in the open discussion sessions at CCV. Industry practice seemed to be divided with some laboratories routinely including dilution QCs as reassurance that sample dilutions were performed correctly in a given run. Others, however, see it as only indicating whether the dilution QC was diluted correctly and are not reassured that this indicates that samples were also diluted correctly. Consensus at the NBC LBA workshop was that dilutional linearity assessments should be performed during validation to establish the assay's ability to accurately measure diluted samples and that dilution QCs in sample analysis runs are not necessary. & Does specificity need to be tested for concomitant medications (small molecules)? Specificity for small molecule concomitant medications is typically not relevant and should only be performed if there is an expectation of interference due to the underlying biology or pathology.
& Should ADA interference in PK assays be tested in validation? It is acknowledged that antibodies available for such assessments are imperfect surrogates of antibodies that may arise in vivo. It is also understood that measurements in free PK assay formats are expected to be impacted by the presence of ADA. There are two schools of thought on this topic with some industry professionals believing that this assessment should always be performed and others who believe that evaluation in method development is sufficient to understand the potential extent of interference.
& Is it acceptable to use the same assay for two different programs? It is acceptable, but a partial validation for the second therapeutic molecule should be performed. Regarding specificity for different biotherapeutics against the same target, it is better controlled in the context of toxicology studies as it is easier to ensure that animals were not exposed to the initial biotherapeutic.
Topics Relating to the Calibration Curve
Michaela Golob and Viswanath Devanarayan covered questions related to the calibration curve, whose definition is the visual presentation of the relationship between concentration and response for an analyte, most often fitted to a 4PL or 5PL logistic model with weighting in LBAs (ligand binding assays). The discussion started with a summary on recommendations on optimal calibration curve design based on & Anchor concentrations outside the expected validated range should be considered for inclusion to optimize the fit From a curve fitting point of view, the use of five to eight calibrators ensures that there are enough calibrators to adequately estimate all four parameters in the model and still allow for an assessment of the fit quality (Bgoodness-offit^). From a regulatory point of view, a minimum of six valid calibrators are expected within the assay's validated range. International guidance's confirm standards should be run at least in duplicates and be spaced evenly within the anticipated range. Anchoring points are generally useful and highly recommended to improve the quality of the curve fit. Anchoring points are outside of the quantification range and are not considered for acceptance criteria. Target acceptance criteria (% bias) for standards are given by agencies as 20% within nominal range; 25% for LLOQ and *ULOQ (US, 20%) for at least 75% of calibration standards.
The question was posed as follows: is it allowed to use more than 8 standards?
The answer was yes; however, very little further information on curve fitting is gained and that should be weighed against the loss of plate capacity.
The difference between 4PL and 5PL models was addressed. The 4PL model assumes that the top and bottom part of the sigmoidal curve are symmetric, i.e., they are mirror image of each other. The fifth parameter in the 5PL model, called the asymmetry parameter, helps relax this assumption and thus enables fitting curves that are not perfectly sigmoidal. Thus, the 5PL model does not assume symmetry in the concentration-response relationship and, therefore, can accommodate a wider variety of calibration curves, including those that do not have a well-defined upper plateau. From our experience, as the performance of calibration curves fit with the 5PL model has been at least as good as the 4PL, it would be appropriate to consider 5PL as a default choice for fitting calibration curves. Six or more calibrators are recommended for routine application of the 5PL model, as it statistically has a larger number of degrees of freedom than the 4PL model.
The next set of questions related to what weighting a calibration curve means and how to determine the appropriate weighting factor were addressed.
Most curve-fitting programs assume by default that the variance of assay signal is same throughout the entire range of the curve. However, calibration curve data from most assay formats, especially immunoassays, are such that the variance of the assay signal increases proportionally with the signal. In such cases, variance of the data in the curve-fitting model such as 4PL or 5PL should be weighted in proportion to the assay signal values. This is often referred to as weighting the calibration curves. The typical options in laboratory software for weighting are 1/Y, 1/Y 2 , etc. A simple way to determine the appropriate weighting factors is to first plot the logarithm of standard deviation of replicates of each calibrator versus the logarithm of the mean assay signal. Then, fit a linear model to this data and estimate the slope. Repeat this for at least six calibration curves, and average the slope estimates. If the average slope estimate is 1, the weighting factor 1/Y should be used. Similarly, slope of 0.5 corresponds to 1/ ffiffiffiffi Y p , and 2 corresponds to 1/Y 2 Question: Is the linear portion of the sigmoidal calibration curve the best part of the assay?
This would be true if the variance of the assay signal is the same across the assay signal. As described above, this is not the case for most immunoassays as the variance increases in proportion to the signal. Therefore, the best part of the assay can start from the nonlinear portion of the calibration curve (lower quantification limit) and can end much before the linear portion ends (upper quantification limit). This is illustrated and addressed in detail in Lee et al. (2006) . Weighting the calibration curve results in the lower quantification limit to be much lower and hence the assay to be much more sensitive. This improvement is typically 3-10 from our experience. The upper quantification limit also gets shifted to the left.
Question: Can the blank samples be used for calibration curve fitting or should it be used for subtracting the assay signal from calibrator samples?
If the calibration curve will be loaded onto every assay plate and run, then subtracting the calibrator samples by the blank samples does not offer much mathematical benefit. Instead, it would be more useful to use such a blank sample as a zero concentration sample for calibration curve fitting. This can improve the performance of the calibration curve, and this was illustrated in the workshop using real data by comparing the accuracy and precision of quality control samples from calibration curves that were fit with or without the blank samples.
At the Crystal City V meeting, a lot of discussion was conducted around what Bfresh^calibration standard and QC means. The definition ranged from prepared the day of use to a preparation that has been frozen overnight to accommodate the conduct of analysis.
The main opinion of the panel was that Bfresh^means Bnot/ never frozen^. Discussion on the use of new definitions like Bfresh-fresh^or Bfresh-frozen^are considered not useful since it is open to interpretation. A Bfreshly prepared^sample refers to a preparation in biological matrix where the drug is freshly spiked Bon the day of use^. Frozen, independent of Bhow long^, means that the drug is exposed to temperature fluctuations upon freezing and thawing that may potentially affect the molecular structure or binding equilibrium and alter the recovery of the drug. In cases where frozen standards and frozen QCs prepared at the same time are used in the same assay, it is important to note that changes due to temperature shifts will not be observed based on parallel trending by calibrators and QCs during sample analysis.
Regarding calibration standards, there are different processes established in different companies. Both, frozen and freshly prepared calibrators, are used for sample analysis across industry. When frozen pre-made standards in matrix are used, an appropriate assessment of stability is required.
However, there is agreement in the bioanalytical community on the need of frozen QC samples as they must mimic unknown samples that are typically frozen. The discussion came up at the CCV meeting where the meaning of Bfresh QCsr egarding stability, as mentioned in the FDA draft guidance, was explained by agency representative as Bfrozen for a short period of time^. In the workshop, there was agreement that these samples cannot be called Bfresh,^but should be defined as Bfrozen i.e. overnight, …for 24 hrs or …for not more than Bxd ays,^where Bx^maybe a short period of 3-5 days based on company upfront-definition and supporting validation data. Nevertheless, QC samples are frozen.
Free Drug Quantification
Roland Staack discussed the determination of correct free drug concentrations that can be highly important in the evaluation of pharmacokinetics for new drug candidates which bind a soluble ligand or if a soluble/shed form of the membrane-bound target is present in the circulation (6) .
In the PK session, the major bioanalytical challenges which might result in incorrect free drug concentrations (sample preparation, assay procedure and applied calibration concept) as well as the recently proposed Bfree analyte QC concept^as a tool to develop and qualify/validated Bfree analyte^assays were discussed.
Simple sample dilution, which is typically the only sample preparation for ligand binding assays, can already significantly impact the correct quantification of free drug concentrations (7) . Sample dilution using a ligand-free matrix/buffer induces a dissociation of the non-covalent drug-ligand complexes resulting in an increase of the free drug concentration. Conversely, if the dilution matrix contains a certain amount of the ligand, additional ligand is added to the sample by each dilution step resulting in the formation of new drug-ligand complexes. This dilution procedure results in decreasing free drug concentrations and finally to a normalization of the free drug fraction. Depending on the assay range, this normalization of the free drug fraction (at equilibrium) bears the risk of misinterpretation of parallelism experiments, since the determined Bnormalized^free drug concentrations might comply with the acceptance criteria for parallelism testing but do not reflect the actual free drug concentration in the sample. Consequently, successful parallelism experiments do not unequivocally prove the correctness of a free-drug assay result. In addition to the dilution factor, time is most critical and determines the extent of the dilution induced error, which is dependent on the binding kinetics between drug and ligand/binding partner, i.e., how long it takes until the new equilibrium between drug and ligand is reached. Consequently, during assay development, the assay procedure (selection of dilution matrix, timing of sample dilution and incubation time of the sample during the capturing step) needs to be optimized to control these effects.
The recently proposed Bfree analyte QC concept^(8) may be a useful approach for free drug assay development as well as assay qualification/validation. This approach is based on the generation of QC samples with a defined free drug concentration in equilibrium with drug ligand complexes and thus enables monitoring of potential interferences in the equilibrium on a quantitative basis. Such Bfree analyte QCs^enable specific development of free drug assays and can be used for assay qualification/validation. The QC samples are prepared by mixing defined amounts of drug and ligand in a ligand-free matrix; after equilibration of the interaction, the free drug concentration is calculated based on the binding affinity (KD), and this value is set as a target value. Variation of the drug-ligand ratio enables generation of QC samples with varying free drug concentrations covering the calibration range of the assay. Ideally, purified endogenous ligand would be available for the preparation of the free analyte QC samples. However, in many cases, purified ligand is unfortunately not available. Consequently, rDNA produced material represents the best surrogate, as is done during clone selection or characterization of binding kinetics. Another opportunity might be to use samples with known endogenous ligand concentrations to prepare the free analyte QCs (8) .
A perfect Bfree-drug^assay, however, might still provide incorrect free drug data, if an inappropriate calibration concept is applied. Typically, the calibrators are prepared in the same biological matrix as the sample in the intended study. Consequently, the Bblank^matrix (with respect to drug) might contain a certain concentration of the ligand, which could introduce a systematical error in the drug quantification if a Bfree-drug^assay is applied. The error is due to the construction of the calibration curve when the spiked nominal drug concentration is plotted against the assay signal, instead of the (unknown) free drug concentration which actually generated the signal (6) . Correct quantification of free drug concentrations requires a ligand-free calibration matrix. Given the differing calibration strategies required for free drug assays, as compared to total drug assays, it was discussed that it would be beneficial to understand the basic differences when developing and validating Bfree-drug' assays.
Immunogenicity
The main point from the discussion on immunogenicity was the need to perform an upfront risk assessment since it provides a road map to guide the immunogenicity program. In addition, it will delineate how often to collect samples and it defines how quickly analysis should be performed. Dr. Pedras-Vasconcelos of the FDA reminded the participants that a multidisciplinary analysis team is the key to success and that integration of immunogenicity with clinical endpoints and patient safety can be very important. He also recommended to always bank the samples since we never know when FDA will ask us to go back to them.
Recommendations and comments from the panelists and some attendees are listed below: & Use all validation runs to establish the criteria for QCs, not just the cutpoint runs.
-Outliers should be excluded prior to cut-point evaluation.
Identify and exclude the plate outliers (typically these are Banalytical^outliers) from each assay plate separately. This can be accomplished via Tukey's outlier box-plot. As the extreme high outlier samples can mask the detection of lower outlier samples and these are not independent, this process should be iterated until there are no plate outliers. After the plate outliers are excluded, the subject outliers should be identified and excluded. This can be done using Tukey's outlier box-plots on the subject means, and iterating this until there are no more outliers. This iteration process is important if mean and standard deviation (SD) are used in the cut-point evaluation formula. If robust alternatives such as the median and median absolution deviation, respectively, or Tukey's biweight method are used, then this iteration process often does not result in substantial difference in cut-point results, and can therefore not be as important.
ADC stability in terms of drug-antibody ratio (DAR) changes was discussed. ADCs are known to undergo in vitro and in vivo de-conjugation and/or differential elimination based on their drug loading. The MS-based technique involves antiidiotypic Ab or target immunoaffinity capture of the ADCs from a biological sample, followed by enzymatic deglycosylation and LC-high resolution MS analysis of the intact molecules. Using software to de-convolute the complex full spectrum MS data, the molecular weights of the different species can be calculated and the proportion of the molecules with different DARs determined. Changes in DAR with time and exposure are useful to characterize both ADC stability and PK behavior. Feedback from the FDA attendee Dr. Pedras-Vasconcelos was that the agency is very open to the introduction of new analytical technologies. However, sponsors should reach out and educate the agency about the chosen new technologies, e.g., LC-MS or SPR. There are two types of forums which sponsors can request: case specific (confidential) or open forum (scientific or criteria setting). Orthogonal assessments are acceptable, but in some cases, not possible, so appropriate justification to the agency would be expected.
CONCLUSIONS
The AAPS NBC Workshop on Method Development, Validation, and Troubleshooting of ligand-binding assays enabled an interactive session where the scientists shared their experiences in quantitative assays, immunogenicity assays, and biomarker assays. While there was not sufficient time to discuss new technology platforms and ADCs, the continuation of this dialog will continue in the future. These such interactions between the industry, academic, and regulatory scientists will strengthen the understanding of the best technology and methodology to support biotherapeutics for the ultimate goal of patient benefit.
